Introduction {#s0001}
============

There has been substantial advancement of biologic-based therapeutics to 'block-buster' status over the last few decades, achieving profound clinical success for the treatment of inflammatory diseases and cancer.[@cit0001]^,^[@cit0002] However, the development of biologics as therapies for diseases involving the central nervous system (CNS) has proved much more challenging. This is in part due to poor brain penetration of large biologic molecules such as IgG. Around 0.1% of the injected dose of an IgG antibody reaches the brain following peripheral administration,[@cit0003] meaning that it is difficult to achieve sufficient concentration of antibody in the brain to elicit a therapeutic response. The development of CNS-penetrating delivery strategies to allow biologic targeting of central receptors at pharmacologically relevant levels is a key therapeutic goal for the biopharmaceutical industry in the treatment of many currently untreatable CNS conditions.

The blood-brain barrier (BBB) is the major impediment to the systemic treatment of CNS diseases because it functions as a physical, metabolic and immunological barrier protecting and regulating the homeostasis of the brain and preventing the free passage of molecules into the CNS.[@cit0004] However, in some areas of the brain, the BBB is less restrictive and allows the passage of hormones and nutrients from the blood to areas such as the hypothalamus, and the export of hormones to the pituitary.[@cit0007] Brain capillary endothelial cells form the front line of the BBB and have specialized characteristics, such as tight junctions, which prevent paracellular transport of small and large (water soluble) compounds from the blood to the brain.[@cit0008] The capillary barrier features are maintained with the support of other cell types, such as astrocytes, perivascular neurons and pericytes.[@cit0011] This barrier allows the selective transport of essential molecules such as nutrients, signaling molecules and hormones, which is achieved via a series of specific transporters and receptors that regulate passage across brain capillary endothelial cells. Brain influx of nutrients and proteins such as iron,[@cit0014] insulin,[@cit0015] and leptin[@cit0016] occurs by a transcellular transport mechanism known as receptor-mediated transcytosis and is mediated by specific receptors.

The transporters and receptors involved in receptor-mediated transcytosis can be exploited for the transport of biologic drugs into the CNS by targeting them with antibodies and peptides that bind, undergo internalization, and can be transported across the cells of the barrier. This receptor-mediated transcytosis approach has become the principle means by which biologics are targeted to the CNS,[@cit0011]^,^[@cit0017] and a number of BBB-targeting technologies use receptor-mediated transcytosis to deliver payloads to the CNS through the targeting of transferrin receptor,[@cit0018] insulin receptor,[@cit0022] low-density lipoprotein receptor related protein-1[@cit0023] and CD98hca.[@cit0024]

FC5 is a camelid single domain antibody that is able to transcytose across the BBB[@cit0025]^,^ [@cit0026] and has been shown to deliver bioactive molecules to the CNS *in vivo.*[@cit0027]^,^[@cit0028] One of the advantages of FC5 is that it is species cross reactive and has demonstrated binding to rat, mouse and human brain endothelial cells.[@cit0025] Webster et al.[@cit0029] used a humanized version of FC5 (BBB-scFv or BBB-IgG) to demonstrate that FC5 could deliver an antibody antagonist of the metabotropic glutamate receptor-1 (mGluR1) across the BBB. After systemic administration, the BBB-mGluR1 bispecific antibody was detected in brain sections, internalized into brain vessels and bound to neuronal cells in the parenchyma. Furthermore, in a model of persistent inflammatory pain, peripherally administered BBB-mGluR1 bispecific antibody showed antagonism of mGluR1 centrally and elicited an analgesic response.[@cit0029] Whilst this antibody had the desired properties for BBB transport, it proved to be susceptible to proteolytic degradation, thus limiting its development for clinical use. We therefore sought to identify an antibody that binds to the same epitope, but that is derived from a fully human antibody library and has the requisite properties for clinical development.

We employed epitope competition selections on cells, where we isolated scFvs that showed competition for binding with BBB-IgG on brain capillary endothelial cells. Here, we have shown that those scFvs, once converted to IgG, possess the biophysical characteristics of a developable hIgG as well as the ability to cross the BBB and be readily detected in the central compartment. To confirm their utility for the delivery of biologic drugs, they were coupled to interleukin-1 receptor antagonist (IL-1RA), a potent antagonist of the IL-1 receptor signaling system, and tested in a model of neuropathic pain. Interleukin-1 (IL-1) is a pro-inflammatory cytokine involved in both normal homeostasis and in pathological conditions.[@cit0030] IL-1 expression is increased in conditions associated with pain and hyperalgesia.[@cit0031] Systemically applied IL-1 is a potent hyperalgesic,[@cit0034] and, when administered intrathecally, IL-1 drives allodynia and hyperalgesia.[@cit0035] However, there is a naturally occurring inhibitor of the pro-inflammatory effect of IL-1. IL-1RA that regulates and limits IL-1 signaling.[@cit0036] Blockade of IL-1 signaling with IL-1RA has been shown to provide analgesia in part due to a reduction in ectopic neuronal discharge[@cit0037] and can be used as a model molecule for determining the efficiency of transport across the BBB.[@cit0029] The IgGs evaluated in this study were able to elicit analgesia in the Seltzer model of neuropathic pain when coupled to IL-1RA, confirming their ability to cross the BBB.

Results {#s0002}
=======

Identification of FC5 mimetic IgGs {#s0002-0001}
----------------------------------

### Phage display and in vitro binding of isolated scFvs/IgGs {#s0002-0001-0001}

Three naïve scFv phage libraries were utilized for cell selections on 10^7^ bEND.3 cells with epitope competition using BBB-IgG.[@cit0029] After a preliminary round of enrichment of bEND.3 binding phage particles, two further rounds of competition selections were performed using 100 μM BBB-IgG to compete off any phage particles that displayed scFvs that bound to the same or over-lapping epitope as BBB-IgG.

BBB-IgG demonstrated concentration-dependent binding to bEND.3 cells as evaluated by FMAT and described in Webster et al.[@cit0026] In this study, the same FMAT assay was employed to perform single point screening of 8,000 scFv non-purified periplasmic-preparations isolated from the BBB-IgG competitive bEND.3 cell selections, using anti-HIS detection of the scFv c-terminal 6xHIS tag. ScFvs that demonstrated positive binding to bEND.3 cells were taken forward for further profiling as purified scFv protein preparations (data not shown). A number of bEND.3-binding scFvs (numbered BBBtxxxx) were converted to human IgG1 format and subsequently demonstrated titratable binding to bEND.3 cells ([Fig. 1A](#f0001){ref-type="fig"}). These brain capillary endothelial cell binding IgGs also demonstrated species cross reactivity with titratable binding to primary rat brain capillary endothelial cells[@cit0038] ([Fig. 1B](#f0001){ref-type="fig"}) and a human brain capillary endothelial cell line (HCMEC/D3)[@cit0039] ([Fig. 1C](#f0001){ref-type="fig"}). An isotype control IgG, which binds to nitrophenol was employed in all three assays to demonstrate assay specificity for the binding of BBB-targeting IgGs. Figure 1.FMAT binding of BBB targeting hIgG1TM to brain capillary endothelial cells. FMAT binding assay to confirm the binding of BBB targeting hIgGs identified from epitope competition bEND.3 phage selections. FMAT assay binding curves of BBB hIgG1, BBB (○) and eight BBB targeting hIgGs, BBBt0626 (•), BBBt0632 (▾), BBBt0726 (▴), BBBt0654 (♦), BBBt0717 (◊), BBBt0727 (x), BBBt0732 (+), BBBt0754 (□) and isotype control hIgG1 (▪). (A) BBB targeting hIgGs binding to mouse brain endothelial (bEND.3) cells (B) BBB targeting hIgGs binding to Rat Brain Capillary Endothelial Cells and (C) BBB targeting hIgGs binding to human D3 Brain Capillary Endothelial Cells.

### Competition of BBBt scFvs with BBB-IgG {#s0002-0001-0002}

All scFvs that demonstrated titratable binding were assessed in a competition FMAT-based binding assay, whereby a constant concentration of scFv competed for binding to bEND.3 cells with increasing concentration of BBB-IgG. Where competition occurred, the fluorescent signal reduced as BBB-IgG concentration increased, and this was plotted as % maximal signal against BBB-IgG concentration (M) ([Fig. 2](#f0002){ref-type="fig"}). Eight scFv candidates demonstrated competitive binding with BBB-IgG, indicating that they possessed a similar or overlapping epitope. However, there were several scFvs that, whilst able to specifically bind to bEND.3 cells, could not be competed off with excess BBB-IgG ([Fig. 2](#f0002){ref-type="fig"}). Figure 2.Competitive FMAT binding of lead BBB targeting scFvs to brain capillary endothelial cells: Competitive FMAT assay demonstrating the ability of isolated lead BBB targeting scFvs identified from FC5 epitope competition selections on bEND.3 cells to compete humanized FC5 BBB-hIgG binding. FC5 domain antibody, FC5 (○), BBBt0626 (•), BBBt0632 (▾), BBBt0726 (▴), BBBt0654 (♦), BBBt0717 (◊), BBBt0727 (x), BBBt0732 (+), and BBBt0754 (□) scFvs demonstrate reduced binding with increasing concentration of BBB-hIgG1. BBBt0734 (▪) is shown as an example of a scFv for which binding is not affected by increasing concentration of BBB-hIgG1.

Immunocytochemistry of BBBt-hIgG1s {#s0002-0002}
----------------------------------

The binding profile of the BBBt-hIgG1s was investigated by indirect immunocytochemistry on bEND.3 cells. Sub-confluent cultures of cells were fixed and permeabilized to mimic the conditions in which the antibodies were identified. BBB-hIgG1 demonstrated the strongest staining at the free edges of the bEND.3 cells and was also present in a punctate pattern throughout the cytoplasm ([Fig. 3A](#f0003){ref-type="fig"}). BBBt0626 and BBBt0632 exhibited a similar staining pattern, with BBBt0632 appearing to particularly pick out puncta surrounding the cell nuclei ([Fig. 3B](#f0003){ref-type="fig"} and [C](#f0003){ref-type="fig"}). The isotype control (NIP228) mAb did not show any specific staining in bEND.3 cells and gave a staining pattern identical to that obtained with the secondary detection antibody alone ([Fig. 3E](#f0003){ref-type="fig"} and [E](#f0003){ref-type="fig"}). Figure 3.Indirect immunocytochemistry of lead BBB targeting hIgGs in bEND.3 cells. Images show fixed and permeabilized bEND.3 cells grown on collagen I-coated 96-well plates and stained with (A) BBB-IgG, (B) BBBt0626, (C) BBBt0632 and (D) Isotype control (NIP228). A secondary detection antibody alone control is shown in (E). Images are merged with Hoechst staining to show the position of the cell nuclei and are representative of 3 cultures, with four fields of view taken from each individual preparation of cells using the 20 × objective on an ImageXpress Micro XLS Wide Field High-Content Analysis System.

In vivo pharmacology pharmacokinetic properties of a BBB-targeting IgG {#s0002-0003}
----------------------------------------------------------------------

### Peripheral PK {#s0002-0003-0001}

To confirm that the BBB-targeting IgGs isolated from bEND.3 cell competitive selections possessed improved brain exposure compared to control IgG, we conducted plasma pharmacokinetic (PK) and brain exposure studies in C57BL/6J mice. A 3-week *in vivo* plasma PK study was carried out in which mice were dosed with a single intravenous (i.v.) injection of one of three concentrations of BBBt0626 antibody (45, 4.5 or 0.45 mg/kg) followed by plasma sampling at regular intervals throughout the 3-week period. A control group received the same dosage of the control antibody (NIP228) of the same isotype as BBBt0626, but raised against an irrelevant antigen. [Fig. 4A](#f0004){ref-type="fig"} shows the mean plasma exposure profiles (μg/ml +/− standard error) of BBBt0626 BBB-targeting antibody and isotype control. There is little difference in the distribution (Vss) in plasma between BBBt0626 (0.07 +/− 0.02 L/Kg) and isotype control antibody (0.11 +/− 0.03 L/kg) or in plasma clearance of the two antibodies, with mean clearance values ranging between 6.4 (+/− 2.3) ml/day/kg for isotype control and 4.2 (+/− 0.5) ml/day/kg for BBBt0626, indicating that there is no significant antigen sink in the periphery for the BBB-targeting mAb in mouse. Figure 4.Pharmacokinetic determination of peripheral and brain drug levels following *i.v*. administration of isotype control and BBBt0626. C57BL/6 mice were injected via the tail vein with BBB targeting hIgG1 antibody or isotype control antibody. Sampling was performed at regular intervals for either 1 or three weeks to determine plasma exposure for each antibody. (A) Comparison of 21 day plasma exposure (μg/ml) of isotype control (NIP228) at 0.45 mg/kg (▾) 4.5 mg/kg (▪) and 45 mg/kg (•) or Bbbt0626 at 0.45 mg/kg (▾) 4.5 mg/kg (▪) and 45 mg/kg (•). (B) Comparison of 7 day plasma exposure (μg/ml) of isotype control (▴) or Bbbt0626 (•) hIgG1TM. (C) Brain exposure of isotype control (▴) and BBBt0626 (•) as measured by % injected dose per g brain for 1 week.

### Brain exposure {#s0002-0003-0002}

A brain exposure study was performed in which plasma- and capillary-depleted brain samples were taken from separate groups of mice at intervals throughout a 1-week period following a single i.v. dose of 30 mg/kg. The serial sampling procedure in this study resulted in composite profiles for plasma ([Fig. 4B](#f0004){ref-type="fig"}) and brain exposure ([Fig. 4C](#f0004){ref-type="fig"}). Each mouse provided two plasma sampling points, with the second sample being collected via cardiac puncture. After collection of the second sample, each animal remained under anesthesia, and phosphate-buffered saline (PBS) was infused via the heart\'s left ventricle. Mice were considered to be fully perfused after 10 ml PBS had been administered and the extremities (paws and ears) appeared white. Brains were carefully removed, scored and divided into two hemispheres. One hemisphere was flash frozen on dry-ice and the other was homogenized and processed to determine how much of the injected antibodies had reached the brain. Brain samples were taken at 2, 6, 24, 72 and 168 hours (hrs) post i.v. administration and processed to homogenate for analysis via MesoScale Discovery (MSD) assay. Cmax for both BBBt626 and the isotype control antibody in the plasma was observed at the earliest time point (2 hrs, [Fig. 4B](#f0004){ref-type="fig"}), whereas Cmax in the brain for BBBt0626 occurred at the 6 hr time point ([Fig. 4C](#f0004){ref-type="fig"}). BBBt0626 provided significantly higher brain exposure than isotype control, with between 2--3% injected dose observed throughout the 1-week period ([Fig. 4C](#f0004){ref-type="fig"}).

### Analgesic effects of BBB-targeting-IL-1RA fusion molecules {#s0002-0003-0003}

In 1990, Seltzer et al described the development of a rodent neuropathic pain model, where there was an induced hypersensitivity phenotype in response to mechanical pressure at the ipsilateral paw. Webster et al.[@cit0040] further demonstrated that central delivery of interleukin-1 receptor antagonist (IL-1RA) could induce an analgesic response and reverse the hyperalgesia in this rodent neuropathic pain model.

Genetic fusions of either BBB-targeting or isotype control hIgG1TM with IL-1RA fused to the C-terminal end via a (Gly4Ser)3 flexible linker, were tested for their ability to induce analgesia in the neuropathic pain model following peripheral administration. All molecules were dosed at 40 mg/kg and operated (Op) animals undergoing partial nerve ligation were compared to sham operated animals ([Fig. 5](#f0005){ref-type="fig"}). BBB-IL-1RA (Op+BBB) and BBBt0626-IL-1RA (Op+BBBt0626) both demonstrated partial but significant reversal of mechanical hyperalgesia at the 2-hr time-point, compared to control hIgG-IL-1RA (Op+control) or vehicle (Op+PBS) ([Fig. 5](#f0005){ref-type="fig"}). This was the first indication that these newly isolated BBB crossing antibody-IL-1RA genetic fusions were capable of transporting a therapeutic molecule from the periphery to the central compartment and eliciting an analgesic response in this pharmacodynamic model of hyperalgesia. Figure 5.Comparison of *i.v*. dosed BBB targeting hIgG1TM-IL-1RA fusions in reversal of mechanical hyperalgesia in the Seltzer model of neuropathic pain. Compares the effect of *i.v*. dosed BBB-IgG and BBBt0626-IL-1RA fusion antibodies on reversal of PNL induced mechanical hyperalgesia by following the ratio of pressure applied to ipsilateral and contralateral hind paws. Sham + Control 40 mg/kg (•), Op + control 40 mg/kg (♦), Op + PBS 10 mg/kg (▾), Op + BBB 40 mg/kg (▪) and Op + BBBt0626 40 mg/kg (▴). Sciatic nerve ligation surgery occurred at base (day 0) and IgG-IL-1RA fusion was administered 13 days post-surgery. Ipsilateral/contralateral ratio followed for a further 4 days. N = 10 per group. Data analyzed using 2-way ANOVA with time and treatment as dependent factors. Subsequent statistical significance obtained using Bonferroni\'s Post-Hoc test. \*\*p \< 0.01 to PNL/NIP-228/Kin control.

Subsequently, three BBB-targeting hIgGs (BBBt0626, BBBt0632 and BBBt0726) that had IL-1RA genetically fused to the C-terminus of the heavy chain were dosed at 100 mg/kg via sub cutaneous (*s.c.*) injection along with control groups containing vehicle or isotype control-IL-1RA fusion and monitored for 4 days post dose. Again, vehicle (Op+PBS) and isotype control-IL-1RA (Op+control) did not alter the level of mechanical hyperalgesia from pre-dose levels ([Fig. 6A](#f0006){ref-type="fig"}). However, all three BBBt antibody-fusions tested (BBBt0626, BBBt0632 and BBBt0726) produced statistically significant reversal of mechanical hyperalgesia from the first pain measurement point of 4 hrs through to the penultimate time-point at 2 days post dose ([Fig. 6A](#f0006){ref-type="fig"}). The magnitude of the response was very similar for all three BBBt-IL-1RA fusions tested. These results demonstrated that all three BBBt antibodies were able to transmigrate across the BBB and deliver their payload (IL-1RA) to the central compartment at a sufficient concentration to elicit an analgesic response. Furthermore, it was found that the analgesic response obtained with BBBt0626-IL-1RA was titratable and dependent on the amount that was peripherally administered ([Fig. 6B](#f0006){ref-type="fig"}). BBBt0626-IL-1RA (Op+BBBt0626) was dosed *i.v.* at 25, 50 and 100 mg/kg while the isotype control (Op+control), was dosed at the highest concentration (100 mg/kg). Vehicle and isotype control did not produce a reversal of mechanical hyperalgesia at any of the time points in this study. BBBt0626-IL-1RA, when dosed at 100 mg/kg, resulted in a statistically significant reversal of mechanical hyperalgesia from 2 hrs to 2 days post dose, but not at 4 days post dose. BBBt0626-IL-1RA when dosed at 50 mg/kg produced statistically significant analgesic effects at 2 hrs to 1 day post dose, and at 25 mg/kg dosing resulted in a significant analgesic effect at 2--4 hrs post dose. These results demonstrated that higher peripheral dosing produced an increased and prolonged central analgesic response in this model of mechanical hyperalgesia. Figure 6.Pharmacodynamic analyses of lead BBB targeting hIgG1TM-IL-1RA fusions in Seltzer PNL model of mechanical hyperalgesia. Determination of the effect of *s.c*. dosed lead BBB-IL-1RA fusions (BBB-IL-1RA) on PNL induced mechanical hyperalgesia via measurement of the ratio of pressure applied to ipsilateral and contralateral hind paws. Sciatic nerve ligation surgery occurred at base (day 0) and BBB-IL-1RA administered 10 or 12 day post surgery. Ipsilateral/contralateral ratio was followed for a further 4 days. (A) Measurement of the analgesic effect of BBBt0626-IL-1RA 100 mg/kg (▾), BBBt0632-IL-1RA 100 mg/kg (♦) and BBBt0726-IL-1RA 100 mg/kg (o) compared to Op + isotype control-IL-1RA 100 mg/kg (▴) and Sham + PBS 10 ml/kg (•). N = 9--10 per group. Data analyzed using 2 way ANOVA with time and treatment as dependent factors. Subsequent statistical significance obtained using Tukey\'s Post Hoc test. \*\*\* P\<0.001 Op + Control-IL-1RA vs Op + BBBt0626-IL-1RA; + P\<0.05, +++ P\<0.001 Op + Control-IL-1RA vs Op + BBBt0632-IL-1RA; \# P\<0.05, \#\#\# P\<0.001 Op + Control-IL-1RA vs Op + BBBt0726-IL-1RA. (B) Analgesic effect of 100 (o), 50 (♦) and 25 mg/kg (▾) of BBBt0626-IL-1RA dosed *s.c*. compared to isotype control-IL-1RA at 100 mg/kg (▴) and Sham + PBS 10 ml/kg (•). N = 7--13 per group/time point. (C) Analgesic effect of a repeat dose of 100 mg/kg of BBBt0626-IL-1RA (▾) 24 h after initial dose when compared to isotype control-IL-1RA 100 mg/kg (▴), Op + PBS 10 ml/kg (▪) and Sham + PBS 10 ml/kg (•). N = 8--10 per group. Data analyzed using 2-way ANOVA with time and treatment as dependent factors. Subsequent statistical significance obtained using Bonferroni\'s Post Hoc test. \*\*\* P\<0.001 Op + Control-IL-1RA vs Op + BBBt0626-IL-1RA. (D) Analgesic effect of a repeat dose of 100 mg/kg of BBBt0626-IL-1RA (▾) 4 days after initial dose when compared to isotype control-IL-1RA 100 mg/kg (▴), Op + PBS 10 ml/kg (▪) 10 and Sham + PBS 10 ml/kg (•). N = 9--10 per group. Data analyzed using 2-way ANOVA with time and treatment as dependent factors. Subsequent statistical significance obtained using Bonferroni\'s Post Hoc test. \*\*\* P\<0.001 Op + Control-IL-1RA vs Op + BBBt0626-IL-1RA.

### Sustained analgesic effect with repeat dosing of BBBt0626 hIgG1TM-IL-1RA {#s0002-0003-0004}

Two experiments were performed to determine if multiple dosing of the BBBt0626-IL-1RA fusion could achieve a prolonged reversal of mechanical hyperalgesia. In the first multiple dose study, a second dose of 100 mg/kg was administered *s.c*. 24 hrs after the initial dose. This time point was chosen as the drug levels from the initial does were still high, and it avoided and excessive number of manipulations within the 24 hrs following dosing. The magnitude of the analgesic response following the second dose was increased to almost complete reversal of mechanical hyperalgesia ([Fig. 6C](#f0006){ref-type="fig"}). The length of the response extended to the end of the study, 4 days post second dose. In the second multiple dose study, the second dose of 100 mg/kg was administered 4 days after the initial dose when the analgesic response was starting to decline. Again, the magnitude of the analgesia provided almost complete reversal of the mechanical hyperalgesic response. The analgesic response continued for a further 4 days post second dose ([Fig. 4D](#f0004){ref-type="fig"}). These results tend to suggest that the IL-1RA analgesic response is not saturated after one *s.c*. dose of 100 mg/kg of BBBt-IL-1RA, which may be a feature of the PK of the molecule. More analysis would need to be performed to determine if this was the case.

Discussion {#s0003}
==========

A number of studies have demonstrated that, by using receptor-mediated transcytosis, biologics can be transported across the BBB and reach the brain parenchyma. Recent studies[@cit0020]^,^ [@cit0021]^,^ [@cit0028]^,^ [@cit0029]^,^ [@cit0040] have exploited the receptor-mediated transcytosis pathways to cross the BBB and have demonstrated CNS delivery of large biologic entities, including antibodies that engage a CNS target, to potentially target currently intractable diseases of the CNS. However, in most cases the described antibodies do not bind the targeted receptor across multiple species, requiring different antibodies to be used for non-clinical and clinical studies.

FC5 is an exception to this trend, as it has been shown to cross the BBB *in vitro* and *in vivo* in several species.[@cit0025] A humanized FC5-derived IgG (BBB-hIgG1) that retained this species cross-reactivity was generated and demonstrated the ability to deliver an antibody antagonist of the metabotropic glutamate receptor-1 (BBB-mGluR1) to the central compartment.[@cit0029] Central mGluR1 target engagement after i.v. administration of BBB-mGluR1 was demonstrated by a dose-dependent inhibition of mGluR1-mediated thermal hyperalgesia in the Hargreaves pain model and by co-localization of the antibody with thalamic neurons involved with mGluR1-mediated pain processing. Ultimately, however, the BBB-hIgG1 antibody was deemed unsuitable for clinical studies because it lacked the developability properties necessary for a therapeutic molecule. However, its species cross-reactivity made it an attractive starting point for further antibody engineering.

In this study, we successfully isolated several human scFvs to the same or overlapping epitope as BBB-hIgG1 using competitive elution techniques on mouse brain endothelial cells. All of the subsequent BBBt antibodies tested showed binding to mouse, rat and human brain capillary endothelial cells. This species cross-reactivity and the possible flexibility of modularity (e.g., monovalent, bivalent, multivalent IgGs or scFvs) offered by the BBBt antibodies could more easily enable translational modelling and the subsequent development of BBB-permeable therapeutics for the treatment of CNS diseases.

Another advantage of the BBBt antibodies identified is their favorable plasma PK properties. A multi-dose level PK study in mice demonstrated that BBBt0626 had similar distribution and clearance phases to an isotype control antibody, indicating the lack of peripheral sink, which would lead to faster clearance. The importance of this feature is highlighted in previous studies using panels of anti-TfR antibodies with different receptor affinities. In two independent studies with different panels of anti-mouse TfR antibodies, the highest affinity antibody underwent much faster clearance than the lower affinity variants.[@cit0040]^,^ [@cit0041] In both studies, the higher affinity antibodies also showed the lowest levels of brain exposure. It is probable that the higher affinity anti-TfR antibodies were undergoing rapid antigen-mediated clearance in the periphery, and were degraded in the lysosome together with the TfR in peripheral tissues expressing this receptor. At the BBB, high affinity binding to TfR could similarly result in degradation in the lysosome, which would negatively affect the level of antibody available for brain delivery. The PK profile observed for BBBt0626 suggests that there is limited antigen-mediated clearance of this antibody, which should ensure that the level of antigen available in the periphery is not a limiting factor in the uptake of antibody into the brain. However, the antigen for BBBt0626 has not yet been identified, therefore its levels in the periphery are not known. It is also not known if any shed forms of the antigen exist and whether or not they would influence the PK or brain distribution.

Demonstrating delivery of the BBBt molecules into the parenchyma of the brain is an important parameter because a centrally-acting therapeutic would have to reach this location to exert an effect, and there is evidence that some antibodies that target receptors on the surface of brain endothelial cells can become trapped on the cerebral vasculature, e.g., anti-TfR mAbs.[@cit0042] To this end, the brain samples used in our brain exposure assay were subjected to tissue homogenization and capillary depletion to remove any contaminating antibody trapped within the microvasculature. BBBt0626 was able to cross the BBB and accumulate in the brain more efficiently (∼3% injected dose per g tissue) than the same dose of isotype control mAb (NIP228) and for a prolonged period of time, with C~max~ occurring in the sample 6 hrs post dosing. These controlled data indicate transport of BBBt0626 into the brain parenchyma rather than it being sequestered on the microvessels of the brain.

To confirm central exposure of the BBBt antibodies, and to test whether they could deliver a therapeutic amount of active drug to the CNS following peripheral administration, fusions to IL-1RA were made. IL-1RA is a naturally occurring inhibitor that counteracts the pro-inflammatory effect of the cytokine IL-1.[@cit0036] IL-1 expression is increased in conditions associated with pain and hyperalgesia,[@cit0031] but blockade of IL-1 signaling with IL-1RA has been shown to result in analgesia, in part due to a reduction in ectopic neuronal discharge. It has previously been shown that, in a mouse model of neuropathic pain, symptoms can be relieved through central, but not peripheral blockade of IL-1R signaling.[@cit0037]^,^ [@cit0040] Using our BBBt-IL-1RA fusion molecules in this model of neuropathic pain, we demonstrated that our BBB-targeting mAbs, following peripheral administration (*i.v.* or *s.c*.), could deliver a pharmacologically active biologic payload (IL-1RA) to the CNS, resulting in an analgesic response by blockade of IL-1R signaling. The isotype control antibody IL-1RA fusion protein (NIP228-IL-1RA) did not induce analgesia in this model. The intensity and duration of analgesia was titratable in a dose-dependent manner. Furthermore, a second dose of the BBBt0626-IL-1RA fusion protein, either 1 or 4 days post initial dose resulted in more pronounced analgesia with prolonged duration suggesting that the transport pathway for BBBt0626 does not become saturated at these dose levels. In agreement with previous studies,[@cit0043]^,^[@cit0044] the data presented here suggest a role for central IL-1 in nociceptive signaling during chronic pain states. Greater IL-1RA penetration of the CNS results in greater analgesia and prolonged exposure in the central compartment results in a longer duration of the analgesia induced by the IL-1RA fusion. The model has previously been used to demonstrate central delivery of IL-1RA using a reduced-affinity anti-TfR antibody[@cit0040] however this is the first demonstration of species cross-reactive, BBB-crossing, fully human antibodies that can deliver a pharmacologically active large biologic payload to the CNS and enhance its analgesic properties.

In both examples of IL-1RA delivery described here, the dose of the IgG-IL-1RA fusion required for an analgesic effect was large. There may be a number of reasons why this is the case. Whilst IL-1 has unequivocally been shown to be involved in the propagation of neuropathic pain, blockade of the IL-1 signaling pathway may not be the most efficacious method of reversing the pain phenotype. Additionally, the levels of BBBt0626 within the brain as measured by brain homogenization and ELISA represent an average of the level across the whole brain and may not reflect regional differences. Should the site of IL-1RA action be poorly served by this technology, reduced efficacy would result. Finally, we have not been able to determine whether the IgG-IL-1RA fusions remain intact, and loss of the IL-1RA portion of the molecule before it reached the site of action would reduce its effectiveness. Which one of these, or other factors, results in such a high dose being required is not clear, and further experimentation is needed before this approach becomes suitable for therapeutic use.

The importance of antibodies as a class of therapeutic drugs is now well established for cancer and inflammatory diseases,[@cit0001]^,^ [@cit0045] with Humira® (adalimumab) being the top-selling drug (\$8.2 billion) in 2015. However, biologics such as antibodies or analgesic molecules do not cross the BBB in sufficient concentration to elicit an effect in CNS diseases and treatment of these conditions has remained elusive. Delivery of therapeutically relevant quantities, \>0.1% injected dose across the BBB,[@cit0003] can only be achieved via the co-development of technologies that result in enhanced CNS penetration by the antibody, and in a format that will allow a subsequent increase in target engagement. Efficacy in the brain for biologics requires modification that would allow them to cross the BBB and subsequently to be released into brain parenchyma, providing access to their target cells at therapeutic levels, to elicit a disease-modifying pharmacological response. The engagement of their target at the BBB may result in modulation of the target through inhibition of ligand binding, or removal of the receptor due internalization and degradation. Caution is required in investigating new BBB transport pathways before the effect on the targeted receptor is known.

In conclusion, we demonstrated via *in vitro* cell binding data that we have identified a number of species cross-reactive BBB-targeting vectors (BBBts). We have shown, by plasma and brain pharmacokinetic analyses, that BBBt0626 is transported to the brain parenchyma and maintains good peripheral exposure. Also, we demonstrated that in a pharmacodynamic mouse model of neuropathic pain, a number of BBBt lead candidates were able to deliver therapeutic amounts of the analgesic protein IL-1RA to the CNS in a functionally active form where it was able to reverse mechanical hyperalgesia. These data indicate that BBBts have the potential as a delivery platform to transport therapeutic molecules to the CNS to treat a variety of CNS diseases and conditions, enabling testing of the same molecule in rodent pre-clinical studies and clinical studies. However, further experimentation is required to demonstrate that these antibodies retain the same function in humans and non-human primates.

Materials and methods {#s0004}
=====================

Isolation of BBB-targeting scFvs by phage display and cell competitive selections {#s0004-0001}
---------------------------------------------------------------------------------

BBB-targeting scFvs were isolated from naïve libraries using modified phage display protocols.[@cit0046]^,^ [@cit0047] Briefly, 10^12^ purified phage particles for each library were incubated for one hr at room temperature with 10^7^ prewashed and permeabilized (0.2% Triton in PBS for 15 minutes at room temperature) mouse brain endothelial (bEND.3) cells[@cit0048] in PBS pH 7.4 containing 3% skimmed milk powder. Following incubation, the cells were centrifuged at 1,000 x g in a benchtop centrifuge, the supernatant removed and cells re-suspended in PBS. This procedure was performed a further four times before phage particles were eluted from the cells with 0.1 M triethylamine (TEA). TEA ensured elution of internalized phage particles as well as those remaining on the surface of the cell. The eluted phage particles were allowed to infect mid-log phase growing *Escherichia coli* TG1 cells at 30°C and selection was applied by plating phage/*E. coli* suspension on 2TY agar with 100 μg/ml ampicillin and 2% glucose. Enriched phage particles from the first round of selection were amplified and prepared for the next round of selection on bEND.3 cells. During subsequent rounds of selection, 100 μM of BBB-IgG[@cit0029] was added to the cells instead of TEA and incubated for two hrs at room temperature. After incubation, phage particles present in the supernatant were recovered and allowed to infect mid-log *E. coli* TG1 cells. Two further rounds of competitive cell selections were performed before screening of individual scFvs from the selection outputs commenced. Crude bacterial periplasmic extracts (periprep) containing scFv antibodies from selection outputs were prepared in 50 mM 4-morpholinepropanesulfonic, 0.5 mM ethylenediaminetetraacetic acid (EDTA) and 500 mM sucrose pH 7.4 buffer according to a previously described method.[@cit0049]

Expression of scFv, IgG1 and IgG1-IL-1RA fusion molecules {#s0004-0002}
---------------------------------------------------------

ScFv expression and purification was performed as described by Dobson et al.[@cit0049] Briefly, *E. coli* TG1 cells containing plasmids expressing the scFv of interest were cultured in 2TY media at 37°C, expression was induced with 1 mM isopropyl β-D-1-thiogalactoside, and scFv proteins were isolated from the periplasm by osmotic shock using 50 mM Tris-HCl, 0.5 mM EDTA, 500 mM sucrose (TES) pH 7.4 buffer. If required, scFvs were further purified by nickel affinity chromatography.

The scFvs were converted to human IgG1 molecules essentially as described by Persic et al.[@cit0050] with the Fc domain containing the mutations S239D/A330L/I332E to eliminate effector function (IgG1 TM;)[@cit0051] IgG molecules were expressed in Chinese hamster ovary cells in serum-free media as previously described.[@cit0052] Cultures were maintained in a humidified incubator at 37°C, 5% CO~2~ for 14 days after which the medium was harvested. Antibodies were purified from cell culture media using protein A affinity chromatography followed by size-exclusion chromatography. The concentration of IgG was determined spectrophotometrically using an extinction coefficient based on the amino acid sequence of the IgG.[@cit0053]

Plasmids encoding IL-1RA fused to the C-terminus of the IgG1 TM heavy chain via a (G~4~S)~3~ linker were assembled by polymerase chain reaction (PCR) amplification of the IL-1RA gene from cDNA obtained from Source Bioscience (Nottingham, UK) and subsequent PCR amplification with oligos that overlapped the IL-1RA gene and the IgG1 TM CH3 domain and incorporated the linker. Expression and purification of IgG1 TM-IL-1RA fusions was performed as described above.

Cell binding assays {#s0004-0003}
-------------------

### Fluorescence microvolume assay technology (FMAT) {#s0004-0003-0001}

Cell binding was assessed by the method of Miraglia et al.[@cit0054] using Fluorescence Microvolume Assay Technology (FMAT). bEND.3 cells were obtained from the European Collection of Authenticated Cultures (ECACC) and were maintained in Dulbecco\'s Modified Eagle Medium supplemented with 10% fetal bovine serum. Cells were used between passages 4 and 20.

Periprep extract or Nickel-purified scFvs from *E. coli* were transferred into assay plates (Costar \#3655) containing 10 μl (1:1000 dilution of a 1 mg/ml stock solution) mouse anti-HIS MAb (Advanced Targeting Systems \#AB-213) and 10 μl (1:500 dilution of 2 mg/ml stock) goat anti-mouse AF647 MAb (Invitrogen) in FMAT buffer (Dulbecco\'s PBS, 0.1% bovine serum albumin (BSA; Sigma \#A9576) and 0.01% sodium azide, pH7.4). bEND.3 cells[@cit0048] resuspended in FMAT buffer were added to plates and incubated for 2--5 hrs at room temperature. Plates were read on the Applied Biosystems Cellular Detection System 8200 and data analyzed using the Velocity algorithm with appropriate gating. ScFvs demonstrating similar binding characteristics to FC5/BBB were identified for further analysis. Second line FMAT binding assays were also employed to determine species cross reactivity of any scFvs identified in the bEND.3 FMAT binding assay, whereby binding to primary rat brain capillary endothelial cells[@cit0038] and a human brain capillary endothelial cell line (HCMEC/D3)[@cit0039] were assessed.

hIgG1TM or hIgG1TM-IL-1RA cell binding was assessed as above with the following change: Detection of hIgG1 TM proteins was with 10 µl Alexa Fluor 647-labelled goat anti-human IgG (H+L) (ThermoFisher Scientific \#A-21445) diluted to 1.5 µg/ml in FMAT buffer.

### Competition FMAT assay {#s0004-0003-0002}

Competition FMAT assays were carried out as above for the cell binding assays but with the addition of a 1 in 2 dilution series of BBB-IgG (commencing at 3.33 μM). Each well contained 10 µl scFv of interest (40 μg/ml), 10 µl mouse anti-HIS MAb (1 μg/ml), 10 µl Alexa Fluor 647-labelled goat anti-mouse (4 μg/ml), 10 µl BBB-IgG and 10 µl bEND.3 cells (4.0 × 10^5^ cells/ml). Competition was indicated by a reduction in Alexa Fluor 647 signal. ScFvs that competed with BBB-IgG binding on bEND.3 cells were selected for subsequent analysis.

Immunocytochemistry {#s0004-0004}
-------------------

bEND.3 cells were seeded into collagen 1-coated 96-well µClear plates (Greiner Bio-One) and cultured overnight at 37°C, 5% CO~2~. Cells were fixed with 3.7% formaldehyde for 20 minutes at room temperature followed by permeabilization with 0.2% Triton X-100 in PBS for five minutes. After rinsing once in PBS, cells were blocked in 3% BSA in PBS overnight. All primary antibodies were diluted to working concentration in 1% BSA in PBS. Cells were incubated with primary antibody for one hr at room temperature, followed by three 5 minute washes in PBS. Alexa Fluor 488 Goat anti-human pAb -- F(ab')2 polyclonal Fc-specific (ThermoFisher Scientific \#H10120) was used as the secondary detection antibody and diluted 1:2000 in 1% BSA/PBS. Cells were incubated with secondary antibody for one hr at room temperature followed by three 5 minute washes in PBS. Cells were counter-stained with Hoechst 33342 trihydrochloride, trihydrate (ThermoFisher Scientific), diluted to 1 µg/mL in 1% BSA/PBS, for one minute and rinsed a further three times in PBS. Samples were imaged using an ImageXpress Micro XLS Wide Field High-Content Analysis System (Molecular Devices).

Partial nerve ligation {#s0004-0005}
----------------------

Partial nerve ligation studies were performed as described in Webster et al.[@cit0040] Briefly, all studies were performed using adult female C57Bl/6J mice weighing 18--22 g (Charles River, UK). All procedures were performed in accordance with the Animals (Scientific Procedures) Act 1986 and were approved by a local ethics committee. All mice underwent insertion of transponders under anesthesia (3% isoflurane in oxygen) for identification purposes at least five days before the start of each study. Mechanical hyperalgesia was determined using an analgysemeter.[@cit0043] An increasing force was applied to the dorsal surface of each hind paw in turn until a withdrawal response was observed. The application of force was halted at this point and the weight in grams recorded. Data was expressed as withdrawal threshold in grams for ipsilateral and contralateral paws. Following the establishment of baseline readings, mice were divided into 2 groups with approximately equal ipsilateral/contralateral ratios and subsequently either underwent surgery to partially ligate the sciatic nerve or served as sham operated controls based on the previously described method of Seltzer et al. Mice were anesthetized with isoflurane and approximately 1 cm of the left sciatic nerve exposed by blunt dissection through an incision at the level of the mid-thigh. A suture (9/0 Virgin Silk: Ethicon) was passed through the dorsal third of the nerve and tied tightly. The incision was closed using Vetbond and the mice were allowed to recover for at least seven days prior to commencement of testing. Sham-operated mice underwent the same protocol but, following exposure of the nerve, the mice were glued and allowed to recover. Mice were tested for baseline responses on day 7 and day 10 post surgery. Operated mice showing ipsilateral/contralateral ratios of greater than 80% were classed as non-responders and were removed from the study. The remaining mice were then randomly allocated into treatment groups of 8--10 mice per group with approximately equal ipsilateral/contralateral ratios, following which mice were treated with the compound under test. Sham-operated animals received PBS vehicle (10 ml/kg). To investigate the effects of the BBB fusions, animals received PBS vehicle (10 ml/kg bodyweight *s.c*. or *i.v*.), isotype control antibody IL-1RA fusion or the relevant BBBt antibody-IL-1RA fusion protein (25 to 100 mg/kg *s.c*. or *i.v*.). Sham-operated mice received PBS vehicle (10 ml/kg bodyweight s.c. or *i.v*.). Mice were re-tested for changes in mechanical hyperalgesia 2 hrs or 4 hrs post dose as previously described. Mice were also re-tested at 1, 2, 3 and 4 days post dose.

### Data analysis {#s0004-0005-0001}

Statistical analysis was performed in GraphPad Prism. Only animals that completed the study were included in the analysis. Results were analyzed using 2-way ANOVA. Subsequent statistical significance obtained using Bonferroni\'s Post hoc test.

Peripheral kinetics and brain exposure {#s0004-0006}
--------------------------------------

All studies to measure antibody exposure in the periphery and brain were performed at Quotient Biosciences (Newmarket, UK). Male C57B/6 mice, age 10--12 weeks, were intravenously injected with BBBt0626 or control IgG at 45, 30, 4.5 and 0.45 mg/kg. I.v. doses were administered into a tail vein at a constant dose volume of 10 ml/kg. Antibodies were supplied in D-PBS (Sigma). Following dosing, two blood plasma samples were collected into individual Li-Heparin containers from each of between four and six animals per time point per dose group. The first sample from each animal was collected from the lateral tail vein (*ca* 200 µl) into a Li-Hep microvette (BD Diagnostic Systems), while the second sample (*ca* 600 µl) was collected by cardiac puncture under isoflurane anesthesia into a Li-hep microtainer (BD Diagnostic Systems). Following collection, blood samples were allowed to clot for 30 minutes and centrifuged at 10,000 x g for 2 minutes at 4°C and the resultant plasma drawn off. Plasma samples were flash frozen on dry ice for subsequent analysis. After final blood collection, the mice were perfused with D-PBS at a rate of 2 ml/min for 10 minutes until the extremities appeared white. Brains were excised and one hemisphere was snap frozen in liquid nitrogen, and the other immediately processed.

The brain hemisphere was homogenized in five volumes of ice-cold PBS containing 0.5% Tween 20 and Complete® protease inhibitor cocktail tablets (Roche Diagnostics). Homogenization was performed in a 10 ml Potter-Elvehjem mortar type glass homogenizer with PTFE pestle, using 2 × 10 clockwise strokes with 5 second rest time. Homogenates were transferred to LoBind tubes (Eppendorf) and rotated at 4°C for one hr before centrifuging in a chilled bench-top centrifuge at 13,000 x g for 20 minutes. The capillary-depleted supernatant was isolated for brain antibody measurement.

### Measurement of antibody concentrations in mouse brain and plasma {#s0004-0006-0001}

Antibody concentrations in mouse plasma and brain samples were measured via MSD assay platform. The MSD employs a plate-based sandwich immunoassay format where anti-human IgG capture antibody binds calibrator or samples, and a specific anti-human IgG detection antibody labelled with SULFO-TAG emits light upon electrochemical stimulation. Levels of BBB-targeting and control antibody in plasma and brain samples were quantified by reference to standard curves generated using calibrator samples with a four-parameter nonlinear regression model.
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BBB

:   Blood-Brain Barrier

CNS

:   Central Nervous System

EDTA

:   Ethylenediaminetetraacetic acid

FMAT

:   Fluorescent Microvolume Assay Technology

HCMEC/D3

:   Human Cerebral Microvascular Endothelial Cells- D3

IgG

:   Immunoglobulin G

IL-1

:   Interleukin 1

IL-1RA

:   Interleukin 1 Receptor Antagonist

i.v.

:   Intravenous

mAb

:   Monoclonal Antibody

mGluR1

:   Metabotropic Glutamate Receptor-1

MSD

:   MesoScale Discovery

Op

:   Operated

PBS

:   Phosphate-Buffered Saline

PCR

:   Polymerase Chain Reaction

PK

:   Pharmacokinetic

s.c.

:   Subcutaneous

ScFv

:   Single-Chain Fragment variable

TEA

:   Triethylamine

TfR

:   Transferrin Receptor

2TY

:   2xTryptone Yeast Extract
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